This report was prepared as an account of work sponsored by an agency of the United States Government.
Millions of pounds of waste energetic materials (EM) such as rocket motor propellant and explosives are generated every year. While some of the material can be recycled, much of it is difficult to separate or has little intrinsic value, and some of the material contains additional hazards such as asbestos and chlorine. Typically this material is desensitized and then disposed of through incineration, open burning/open detonation (OB/OD) or, if nonreactive, in landfills. None of these disposal methods takes advantage of the energy content of the fuels and they may generate significant pollution. Combustion in an industrial fiu-nace, boiler, or kiln (hereafter referred to jointly as "industrial furnaces") is a compelling alternative disposal option for desensitized EM that would capture the energy value in the fuel and also would mitigate many environmental hazards associated with other options through the use of furnace pollution controls.
At present the majority of EM disposal is by landfill interment or OB/OD. Landfilling of desensitized EM leaves an unwanted legacy for future generations, with the concurrent risk that chlorine and other constituents may leach into the surrounding soil and contaminate groundwater.
OB/OD is typically accomplished at military installations removed from the public. Despite the relative isolation of these sites, detonation shock waves have been known to reflect off of the upper atmosphere and break windows in towns 10-20 miles distantl, and plumes from the detonation and burning are typically visible for many miles. Recent measurements of emissions from OB/OD of antipersonnel mines indicate that significant quantities of pollutants can be emitted measured emission factors (mass of pollutantimass of EM) were 5.84 x 10-3, 8.15 x 104, and 3.06 x 10-3for methane, benzene, and total aromatics, respectively.2 In measurements from contained burns of solid rocket motors, the exhaust contained roughly 3% HC1, 100 ppm HCN, 2,500 ppm Cm, and 100 ppm of volatile organics (such as chloromethane, benzene, and 1,2 dichloroethane) on a mass basis.3 In addition, NOX emissions from uncontrolled combustion of EM can be quite high due to the high nitrogen content of the EM. Because of public and regulatory concerns, both landfilling and OB/OD of these materials are becoming increasingly unacceptable.
Given the combination of environmental concerns and disposal costs of approximately $850 per metric ton,4 reapplication of EM is highly desirable. A preliminary assessment of the combustion properties of desensitized energetic materials has shown that the concept holds promise,5 but no pilot-scale investigation has been completed. Cofiring the energetic materials with standard fuels affords the advantage of pre-existing pollution control equipment to mitigate any environmental hazards, as well as the benefit of energy recovery from the energetic material-derived fuels (EMDF). In the cofting scenario(s) that we envision, EM are desensitized and transformed into EMDF, that would be fired in a 1-5% blend ratio with fossil fuels in an furnace.
We are cooperating with industrial partners to develop realistic EMDF cofiring opportunities. This investigation addresses a specific problem faced by Thiokol Propulsion Systems (Brigham City, UT) in their demilitarization efforts. By the year 2001, Thiokol is under contract to remove and treat propellant from 14 first-stage Minuteman boosters, 47 Titan IV booster solid rocket motor segments, and 16 Space Shuttle reusable solid rocket motor segments. Over the next ten years, this and similar efforts are expected to yield approximate y 8.5 million pounds of solid rocket motor washout residue, all of which will require disposal or reuse. Thiokol is looking to avoid landfill disposal of the material, preferring to find a reuse/ret ycle option that will maximize the value of the output while minimizing any effects on the environment.
The subject of the investigation is residue from high-pressure water washout of solid rocket motors, in which high-pressure water jets are used to remove propellant material from the casing of a rocket. The high-pressure water also removes some of the insulation of the liner, which often contains asbestos. Treatment following washout recovers most of the ammonium perchlorate from the residue for reuse. The nominal composition of the material before and after the washout process is shown in Table 1 . Because of the asbestos and residual ammonium perchlorate content, this material must be buried in a permitted landfill or burned under controlled conditions. These two components also introduce issues for a combustion disposal option, specifically the fate of the asbestos and the potential production of unwanted chlorinated byproducts. In addition, the presence of aluminum powder in the residue results in a measured combustion temperature of over 2000 'C for particles of approximately 1 mm in size. Concern over potential damage to furnace equipment from the high temperature material is therefore an issue. Finally, the effect of the residue on the ash stream from the furnace must be determined, if the ash has value in a particular application (e.g. cement additive, asphalt, fertilizer, etc.). When Sandia and Thiokol began the collaboration searching for reapplication options for washout residue, the primary concern was the presence of 0.2 -19Z0 asbestos in the residue. Asbestos is defined as any one of six naturally-occuming silicate compounds (chrysotile, riebeckite, and grunerite are common). Asbestos is considered a human health hazard when it has a fiberous shape that is more than 5 microns in length, less than 3 microns in diameter and has a 3:1 or greater aspect ratio.G The inhalation danger from asbestos fibers results from the fact that the fibers are insoluble, hard, and nearly impossible for the body to remove from the lung. The fiberous shape causes irritation to the lung that may produce lung cancer, asbestosis, or mesothelioma, a rare type of cancer associated with asbestos exposure.7
All of the forms of asbestos melt at or below 1400 "C: grunerite melts at 1399 'C, riebeckite melts at 1193 *C, and chrysotile begins to soften at 600 *C, and is fully changed in chemical form below 1000 "C. Chrysotile is the most common form of asbestos because it is easily spun; it accounts for roughly 95% of the combined U.S. and Canadian asbestos production, and is the type of insulation used in strategic rocket motors. The melting temperature of all of these asbestos forms, particular y chrysotile, is low compared with the combustion temperature of the aluminum-containing fuel. Our initial hypothesis was that combustion of the residue would melt the asbestos fibers. Melting the fibers changes their shape, rendering them non-hazardous. Figure 1 shows the results of our initial experiment. This series of photographs was extracted from a videotape of a roughly 150~m (length) piece of washout residue suddenly subjected to a stream of air at 1000 'C. In the first frame (1A), small fibers can be seen protruding from the top of the piece of residue (not to be confused with the fibers from the alumina mat on which the residue piece is sitting). After the sudden heating, the particle ignites (lB), and the fibers melt onto the particle surface (lC).
(1A) This report discusses our findings concerning asbestos mitigation and the formation of chlorinated air toxics during combustion experiments with the rocket motor washout material in Sandia's MultiFuel Combustor (MFC). Later reports will discuss ongoing work, including the results of thermochemical equilibrium calculations and bed combustion experiments designed to determine the potential for material damage in a furnace.
Experimental Methods
The MFC is illustrated in Fig. 2 . The MFC is a pilot-scale (30-100 kW, depending on fuel type) facility that simulates the local environment to which independent y injected solid, liquid, or gaseous fuels are exposed as they pass through an entrained-flow combustion system. Fuels are introduced directly into the silicon-carbide-lined combustion section, where they may form a self-supporting flame. The MFC has an integral preheat burner (natural gas/air) which was used in some of these experiments. Combustion products are extracted from the combustor with a heated line to prevent water condensation, filtered by a heated filter, and quantified using NDIR NOX, CO, C02, and S02 analyzers and a paramagnetic 02 analyzer, all from Horiba Instruments (Irvine, CA). Analyzers are calibrated through the entire sampling system prior to each experiment.
A separate, identical heated sampling line transfers products to a heated 24-meter Iong-path gas cell, which is mated to a Mattson Instruments (Madison, WI) Infinity Fourier Transform Infrared (FTIR) spectrometer with 0.5 cm-* resolution. The majotity of the spectra from these experiments were taken with the heaters set to 110 'C and a cell pressure of 300 tom. The reduced pressure was an extra precaution to prevent condensation of volatile hydrocarbons and water in the sample lines and in the cell, particularly in case areas of the cell and flow system were not uniformly heated. Sample continuously flowed through the cell during measurements to reduce the chance of adsorption and/or condensation of species in the cell and sample lines perturbing the concentrations of species in the sample. The flow in the transfer lines and cell was allowed to come to steady state for five minutes prior to recording a spectrum. Between samples, the cell was completely evacuated at least twice, and the cell and sample lines were flushed with dry nitrogen for at least 10 minutes. Under these conditions, detection limits of most hydrocarbons in the cell should be roughly 10 parts-per-million (ppm) on a molar basis, based on earlier work with butadiene and methane. As there was no need to quantify our findings, calibrations were not performed for these experiments. Sandia's Environmental Safety and Health group performed personal and room monitoring in the vicinity of both the combustor exhaust and the feeder during the initial run of asbestos-containing fuel, to assess any potential exposure to asbestos. Workers were suited in portable powered air-purifying respirators and Tyvek suits during these initial experiments. Following a 60-minute experiment, they found no measurable asbestos from samples at any of the monitoring locations. Hence it was concluded that these experiments could be performed without the use of personal protective equipment.
The data reported here were obtained by injecting test EMDF in the top section of the MFC and sampling combustion products from the top of the 7* section. The gas residence time was 1.3 -2 seconds, depending on the combustor wall temperatures, which were varied. The EMDF was fed using a custom screw-auger feeder developed by Thiokol, which was loaned to Sandia. The EMDF fuel itself (hereafter occasionally referred to simply as "fuel") is granular, with a characteristic size between 3 and 8 mm. It had been treated by Thiokol to remove the moisture and the tendency of the particles to re-agglomerate.
This report describes two sets of experiments. First, FTIR experiments were performed to determine the potential for formation of air toxics (particularly chlorinated species) for non-asbestos-containing fuel under a variety of combustion conditions. The original plan was to do an extensive matrix of temperatures and excess air conditions (700 'C -1200 'C walls, 1% and 8% excess 02), but results from the lower temperatures allowed us to perform a more limited matrix. Second, fly ash sample generated from the combustion of asbestos-containing fuel at a variety of conditions was collected and analyzed for asbestos.
Particle-capture experiments were initiaIly performed using a sampling system consisting of a dilution sampling probe and two cyclones in series, followed by a 3~rn Millipore filter.
This system was subject to rapid plugging of the collection funnel/dilution probe, which would occur after only 2 -5 minutes in the combustor effluent, long before enough sample could be collected to perform an asbestos analysis. Several configurations were attempted. For the experiments reported here, sample was collected using a 333 micron mesh screen in a 4-inch diameter probe inserted into the flow downstream of the combustor where the temperature was approximately 300 "C. The collection device intercepted roughly 1/3 of the combustor flow, and would remain in the flow for 10 minutes, which was long enough to capture sufficient sample for analysis. During these experiments the gas flow in the combustor was 20 scfm, and the solid fuel feed was approximately 25 gh-nin. For a 900 'C gas temperature this yields an approximately 1.8-second gas residence time.
Results

Fuel Analysis
Triplicate analyses of the EMDF fuel and ash were performed by Huffman Laboratories (Golden, CO), and results are presented in Tables 2 and 3 . Huffman encountered difficulty in ashing the fuel; following ashing at a particular temperature, they would raise the temperature and/or re-grind the ash and would get additional mass gain. We hypothesize that an aluminum oxide coating was covering the surface of the particles and halting reactions before the particles were completely ashed. Following regrinding the mass would continue to increase as Al was converted to A1203. We took the Huffman ash data (presented as oxides) and calculated the ash elemental composition (Table 3) . As expected, the major constituent of the ash is aluminum. From the ash elemental composition, we were able to calculate the true ash fraction on an oxidized ash plus organic fuel basis. Assuming that none of the aluminum in the fuel was oxidized, the ash percentage is 67.0% for the fuel sample without asbestos, and 55.8% for the fuel sample with asbestos, on a fuel basis. This is similar to the composition determined by Thiokol in previous work. Volatile matter and fixed carbon are reported on a dry, ash-free basis. The chlorine content is a good indicator of the residual ammonium perchlorate, while much of the increase in silica in the asbestos-containing fuel maybe due to asbestos. An analysis of the fuel by Thiokol indicates that approximately 1% of the mass of the asbestos-containing fuel is due to liner material, and 20% of that mass is from asbestos. Significantly, Thiokol found that all of the asbestos in the tested washout material was chrysotile, which has the lowest softening temperature (600 "C) of any form of asbestos. 
Potential for Formation of Air Toxics
FTIR analysis was performed on gas samples of combustion products generated under a variety of temperature and flow conditions. These conditions, shown in Table 4 , represent a spectrum of operating conditions that might be encountered in a commercial furnace that could be used to cofire the solid rocket motor washout material. Typically, industrial furnaces are fired with at least 5% excess oxygen and have a background (radiative) temperature in the range 700-1200 "C. Gas temperatures are usually much higheq for example, exit temperatures at a cement kiln under consideration are reported * Ultimateanalysis is on an as-received fuel basis. Fixed carbon and volatile matter are on a dry, ash-free basis. Ash is expressed as on an oxidized ash plus organic fuel basis.
to be 1650 "C. The combination of high temperatures, sufficient oxygen, and sufficient residence time assures good combustion with a minimum of unwanted toxic byproducts. 
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In the combustion systems considered for cofiring, bulk temperature and residence time are well characterized and controlled. Typically, emissions of hazardous byproducts from these devices are the result of poor mixing between the fuel and the air, which can result in a hot, fuel-fich pocket of gas escaping from the combustion section. To determine the possibility of air toxic emissions from such incomplete combustion events, these tests also included extreme cases of low-oxygen (less than l%). These tests are notable for the measurable CO in the product gases, which is a common indicator of incomplete and inefficient combustion. Figure 3 shows a typical absorption spectrum of a pure compound (1,1,1 -Trichloroethane) from the Mattson EPA vapor-phase library. The x-axis is in wavenumbers (co),which are equivalent to energy units; co= l/?L= he/k = hv = E, where h is Planck's constant, L is wavelength, and c is the speed of light. The y-axis is in absorbance units, where the absorbance a = loglo (IJI). Here 10is the reference intensity of the light, and I is the intensity of the light after it has passed through the sample. An absorbance of 1 indicates that only 1/10 of the light passed through the system. Each of the features of a spectrum can be assigned to vibrations of one or more molecular bonds, as shown in the figure. In a more complex spectrum, such as the s ectrurn of combustion ? products shown in Figure 4 , the window from 1200 -1900 cm-is obscured by water bands. We use the region from 700 -1200 cm-l (called the "fingerprint region" due to characteristic C-C and C-H vibrations which are used to identify many hydrocarbons in this window) and the region from 1900 -3200 cm-l to identify potential gas-phase air toxic species. For species identification we use the Mattson Hazardous Chemicals Vapor Phase Library (304 species) and the EPA Vapor Phase Library (3300 species).9 Figure 4 shows the FTIR spectrum from the combustion of rocket motor washout material with wall temperatures of 700 "C and 1070excess 02. This spectrum is typical of almost all of the spectra taken in the test series. The H20 and C02 bands are saturated, and features due to HC1 and CO are the only resolvable features in the spectrum. Figures  5 and 6 show the 700 -1200 cm-l and 1900 -3200 cm-l regions in more detail. No features were found in any of the spectra that suggest the presence of chlorinated air toxics. The detection limit of the system for these species is 5 -10 ppm under these conditions. The spectra were not only checked with the on-line Mattson libraries mentioned above, but were also compared with printed versions of high-resolution spectra of over 50 hazardous chlorinated combustion byproducts from the chlorinated hydrocarbon combustion research laboratory at U.C. Berkeley.1°The results indicate that the only gas-phase chlorinated species detected under all the conditions tested is HC1, which may be easily scrubbed from the exhaust stream.
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Figure 4. Typical FTIR absorption spectrum from combustion of rocket motor washout residue. This spectrum is from file 4_23ab_2: wall temperatures of 700 'C and 10% excess OZ.
Only in the coolest (700 'C walls), fuel-rich condition did we observe any gasphase combustion products besides H20, COZ, HC1, and CO. Figure 7 shows the interesting features in the spectrum corresponding to this experiment. Besides HC1, we observe evidence of CI&, an aromatic type =C-H stretch bond, and OIWNH stretch bonds. These features are derived from fuel components. In the fuel-rich condition, methane could either be formed from incomplete hydrocarbon breakdown products, such as CH2 and CH3 radicals, or could come directly from unreacted natural gas from the preheat burner. Below the methane spectra, which consists of a tall peak (Q branch) surrounded by narrow features on either side (1?and R branches), there is a broad absorption feature from 3000 -3100 cm-l. This feature is due to a double-bonded carbon atom bonded to a hydrogen atom: =C-H, commonly seen associated with aromatic molecules such as benzene and toluene. In this case however, it is most likely due to the binder material. Polybutadiene is a linear chain molecule with a structure of -HC=HC-HC=HC-. This structure is identical to that of a broken aromatic ring, and hence the spectral feature is shared. Hence this broad feature is probably due to incomplete breakdown of the polybutadiene in the fuel-rich cornbustor. Finally, the remaining spectral feature between 3200 -3400 cm-* is in a region associated with NH and OH stretching vibrations. As part of the fuel preparation step, Thiokol treated the fuel with ammonia to eliminate the tendency for re-agglomeration. The spectral feature between 3200 -3400 cm-l is almost certainly from an amine (NH) bond formed in the postcombustion zone due to incomplete reaction of either the ammonium perchlorate (NI&C104) or the ammonia in the fuel. 
Asbestos Remediation
Fly ash was collected from the MFC during EMDF combustion experiments, over a wide range of experimental conditions. As noted above, some of the samples were collected isokineticly using two cyclones in series, followed by a 3~m Millipore filter, but the majority of the samples were collected using a 4-inch diameter probe into which a 333-rnicron mesh screen was inserted. The funnel was placed in the combustion flow for 10 minutes, which was long enough for the fly ash to cover the screen completely. Typical material, comprised largely of molten aluminum, exiting the combustor is shown in Figure 8 ; often, the material would extinguish soon after it was collected on the screen, but in some cases it would continue burning for a significant amount of time. The presence of this molten aluminum would plug our ?&inch diameter isokinetic probe within minutes, which necessitated use of the modified probe with the screen. Following data collection, some samples were sent to Huffman Laboratories (Golden, CO) for proximate, ultimate, and ash analysis. All samples were sent to Thiokol's analytical lab (Brigham City, UT) for asbestos analysis in their OSHA-certified laboratory. Burning particles of solid rocket motor washout materials exiting the MFC during combustion testing. The combustor diameter is 6 inches; the particles enter an exhaust just below the level of the table. The exhaust system draws approximately 1800 scfm, roughly 100 times more than the combustor flow. Table 5 summarizes the test conditions and experimental results, with the corresponding sample numbers as sent to Thiokol and Huffman. Tests were completed over a range of combustor wall temperatures between 500 -1200 'C, with the natural gas preheat burner on and off. The preheat burner increases the temperature of the gas entering the combustor, but also lowers the 02 concentration. Table 5 shows that unconverted asbestos fibers were only found in samples for which the combustor walls were at or below 900 'C, whether or not the natural gas preheat burner was running. Samples A6-1, A8-1, A9-1, A1O-1, and A1O-2 were run with wall temperatures between 600 -900 'C and the preheat burner on, and all showed the presence of asbestos in unburned rubber particles.
Analysis of sample A13-1, obtained in a 700 'C test with the natural gas preheat burner off, also showed the presence of asbestos in unburned particles. Based on experiments A6-1 -A1O-2 (preheat burner on, 600 -900 'C), we expected also to see asbestos in the fly ash collected from Al 1-1, A12-1, A14-1, and A15-1, experiments with the preheat burner off in the temperature range 500 -900 'C, but did not. There are two possible reasons that asbestos was not detected in these low-temperature samples obtained with the combustor off. First, more 02 was available with the preheat burner off, which may have allowed the fuel particles to ignite more easily. Second, the collection screen in these experiments was somewhat closer to the exit of the combustor. As a result, burning particles may have persisted on the screen for a longer time than they would have in the set of experiments with the preheat burner on, which could have caused all of the asbestos fibers to melt. Residual carbon measured in these samples shows an increasing combustion efficiency (indicated by decreasing residual carbon) as the wall temperature increases. For many of the samples in which no asbestos fibers were found, amorphous ("heat-converted") asbestos was found in the fly ash sample.
Significantly, no free-floating asbestos fibers were found in any of the samples. This indicates that the asbestos, which is always found bound in the rubber liner material, is destroyed when the liner material burns. 
Summary and Implications
The findings of this investigation of the combustion properties of rocket motor washout material are positive in terms of the potential for cofiring as a recycle / reuse option to landfill disposal for solid rocket motor washout residue. First, fuel analysis shows that between 2 and 4 percent by mass of the residue is chlorine, which could pose a hazard due to the formation of chlorinated air toxics. However, no chlorinated air toxics were found at any combustion condition (fuel-rich to 10% excess 02, 700 -1200 "C combustor walls). All of the chlorine appears to be converted to HCI, which can be readily scrubbed from the exhaust gases.
Second, no respirable asbestos fibers were found in the fly ash under any condition tested (wall temperatures 500 -1200 "C, natural gas preheat combustor on and off). Asbestos fibers were found bound in unburned rubber pieces when the combustor wall temperatures were 900 "C and below, particular y when the preheat combustor was on. We note that peak temperatures in all of the combustion devices under consideration exceed 900 "C by a comfortable margin.
These observations suggest that good combustion practice in a commercial furnace or kiln facility is likely to guarantee mitigation of both the air toxic and asbestos hazards that are potentially associated with cofiring solid rocket motor washout residue. For this reason, we believe cofiring is a viable alternative to other disposal options for this material.
Ongoing Work
Ongoing and future work includes therxnochemical equilibrium analyses and bed combustion experiments. The thermochemical equilibrium analyses will predict the effect of 1-570 cofiring of the solid rocket motor washout residue in various commercial furnace settings on the ash chemistry.
The bed combustion experiment is being constructed to allow us to investigate the potential for damage to furnace equipment during cofiring. Pending positive results in these efforts, a commercial test bum is planned for the near future. 
